Abstract-In this paper, a novel view of a switched reluctance motor under dynamic eccentricity fault to provide the precise and reliable electromagnetics model is presented. It describes the performance characteristics and comparison results of the 6/4 switched reluctance motor with dynamic rotor eccentricity utilizing three-dimensional finite element analysis. The results obtained using three-dimensional finite element analysis of the switched reluctance motor includes fluxlinkages, terminal inductance per phase, mutual inductances and static torque for various eccentric motor conditions. In this analysis the end effects and axial fringing fields for simulating reliable model are obtained and presented. The paper continues with comparing these results with the ones obtained for the same motor profile but utilizing two-dimensional finite element method. Finally, Fourier analysis is carried out to study the variations of torque harmonics.
INTRODUCTION
Switched reluctance motor (SRM) has many advantages over other types of motors used in a growing number of applications in various industries. The feature's monopoly of SRM such as lack of any coil or permanent magnet on the rotor, simple structure and high reliability, make it a suitable candidate for operation in variable speed, harsh, or sensitive conditions. The different aspects of SRM drives have been extensively investigated and carried out in the past decades by several research organizations [1] .
One of the common faults that can be produced in this motor is eccentricity. Eccentricity exists in a motor when there is an uneven airgap between the stator and the rotor [2] . If the rotor is eccentric with respect to the shaft, and the bearings are concentric with respect to the stator, then the center of the rotation changes when rotor rotates. This situation is known as the dynamic or rotating eccentricity. Dynamic eccentricity could be the result of a bent shaft and bearing wear. This type of eccentricity occurs when the center of the rotor is not at the center of rotation and the minimum air-gap revolves with the rotor [3] .
In [4] the SRM under dynamic and static rotor eccentricity is analyzed using two-dimensional (2-D) finite element method (FEM). It is observed from the results that, with an increase in dynamic eccentricity in the positive direction, the average torque and torque ripple are increased. It is also shown that the average torque change up to 13.2% for motor with 95% dynamic eccentricity. Husain et al. in [5] presented a method for computing the radial magnetic forces in SRM that includes iron saturation and displacement of the rotor from its central location. In this study the unbalanced forces were analyzed using three different methods, namely static two-dimensional FEM, a detailed analytical model, and a simplified analytical model.
The static torque profiles of phases using the two-dimensional FE simulation are obtained in [6] for motor under dynamic eccentricity and it is shown that at low current; the effect of eccentricity is considerable compared to that of the rated current case.
Dorrell et al. in [7] have investigated the effect of eccentricity on torque profile with respect to the switching angle. They have shown that the torque of the motor increases a few percent in fully controlled rated current.
The effect of eccentricity fault on the torque profile of an SRM with 2-D FEM has been investigated in [8] and the result shows that the static torque does not change much with relative eccentricity up to 50%. It is also shown that with an increase in the relative eccentricity, there will be an increase in the fundamental, 8th, 10th, 14th, and 15th torque harmonics. In this study, the results are very much dependent on different motor conditions such as current magnitudes and loads.
It should be mentioned here that in many other researches such as [9-12, 19, 20] , the SRM eccentricities have been investigated based on 2-D FEM. It is pointing out that eccentricity fault is considered in the other motors [13, 14] and generators [15] .
This paper presents a comprehensive three-dimensional finite element method (3-D FEM) simulation for a 6/4 switched reluctance motor under dynamic eccentricity rotor as well as eccentricity with a two-dimensional finite element method and then the comparison of the results analyzed.
FINITE ELEMENT ANALYSIS
A three dimensional finite element analysis is being used to determine the magnetic field distribution in and around the motor. In order to present the operation of the motor and to determine the static torque at different positions of the rotor, the field solutions are obtained. The field analysis has been performed using a Magnet CAD package [16] which is based on the variational energy minimization technique to determine the magnetic vector potential. The partial differential equation for the magnetic vector potential is [17] :
where, J is the electric current density (in amper/meter 2 ); A is magnetic vector potential (in Wb/meter; magnetic flux density is defined as:
B is the magnetic flux density (in Tesla or weber/meter 2 ). Considering appropriate boundary conditions, Eq. (1) is solved to yield the magnetic vector potential. In the variational method (Ritz method), the solution of Eq. (1) is obtained by minimizing the following functional:
which Ω is area under consideration. In the three dimensional finite element analysis, a tetrahedral or hexahedral (rectangular prism) element, with dense meshes at places where the field variations are being changed rapidly has been used. For the present study, it has been assumed that each stator phase is excited with four-node tetrahedral blocks of current. Also, in this analysis, the usual assumptions such as the magnetic field outside of an air box in which the motor is placed considered to be zero.
The unaligned position is defined when the rotor pole is located across from the stator slot in such a way that the reluctance of the motor magnetic structure is at its maximum. This position is considered to be at zero degree in the motor performance plot. The aligned position is defined when the rotor pole is fully opposite to the stator pole, in which the reluctance of the motor magnetic structure is at its minimum. This position is assumed to be 44 degrees for the rotor position in the motor performance plots.
In this study, the rotor moves from unaligned to fully aligned position hence, all motor parameters for these points in between can be computed. In order to represent the motor operation and determine the static torque at different rotor positions, the field solutions are obtained at 0, 4, 8, 12, 16, 20, 24 , 28, 32, 36, 40 and 44 degrees from the unaligned rotor position. The plots of magnetic flux throughout the motor and parameters have been computed, compared, and elaborated upon.
The Motor Specifications and Simulation
The motor configuration and specifications used in this study are shown in Table 1 and Figure 1 , respectively. The motor phases are clearly marked for later use in Figure 1 .
The stator and rotor cores are made up of M-27 non-oriented silicon steel laminations with the following static B-H curve shown in Figure 2 [16] .
In this study, each phase winding consists of 120 turns with a current magnitude of 2.5 A. Due to precise comparison between 2-D and 3-D FE analysis, the mesh densities are considered to be exactly the same for both cases. The FE model with mesh densities used in the simulation is as shown in Figure 3 . 
Dynamic Eccentricity
This type of eccentricity occurs when the center of the rotor is not at the center of rotation and the minimum air-gap revolves with the rotor [3] . The non-uniformity of air-gap is time variant when dynamic eccentricity occurs. With respect to the Figure 4 the percentage of dynamic eccentricity is defined as follows:
where ε D is the percentage of dynamic eccentricity between the stator and rotor axes; g is the radial air-gap length in the case of uniform Even though manufacturers normally keep the total eccentricity level as low as possible in order to minimize unbalanced magnetic pull (UMP) and to reduce vibration and noise, an air-gap eccentricity of up to 10% is permissible as mentioned in [3, 8, 18] . Due to collision of the rotor pole with stator pole the relative eccentricity of more than 40% is not considered in this study.
NUMERICAL RESULTS AND ANALYSIS
To investigate the effects of dynamic eccentricity on the 6/4 switched reluctance behavior, the motor is simulated utilizing 3-D and 2-D finite element analysis.
Flux density shadows and arrows of the healthy motor and the motor with 40% dynamic eccentricity utilizing 3-D FE analysis are shown in Figure 5 and Figure 6 , respectively.
In Figure 5 and Figure 6 , it is observed that flux density in rotor pole adjacent to the excited stator phase winding has increased with increasing the relative dynamic eccentricity. The reduction of air-gap length and consequently reduction of its related magnetic reluctance causes an increase in the flux density. These unsymmetrical variations in flux densities around the air-gap periphery in turn, result in more noise and vibrations for the motor. Flux density shadows and arrows of the healthy motor and the motor with 40% dynamic eccentricity utilizing 2-D FE analysis are shown in Figure 7 and Figure 8 respectively.
As expected, the variations in flux density due to the eccentricity with 3-D FEM are larger than those of the 2-D FEM ( Figure 7 and Figure 8 ), which is due to fringing effect for the field that has been disregarded in 2-D FEM. The variation percentage is defined as follows:
where, X HM , X EM are any defined parameter values of healthy motor as well as eccentric motor, respectively. Flux-linkage/rotor position characteristic is one of the most important profiles of the SRM. Figure 9 shows the flux-linkage of A-1 (coil one in phase A), utilizing 3-D FEM and the variation of rotor position in healthy motor as well as the motor with various dynamic eccentricities.
As shown above the flux linkage peaks at about 44 degrees, correspond to the rotor pole in complete alignment with the related stator pole. Also Figure 9 illustrates that with an increase in the dynamic eccentricity, flux-linkage of coil one of the excited phase (A-1) will increase. It is observed that flux-linkage of the A-1 has 13.3%, 10.3%, 6.6% and 3.6% variations with 40%, 30%, 20% and 10% eccentricity compared with healthy motor, respectively as shown in Figure 10 .
The inductance has been defined as the ratio of each phase fluxlinkage to the exciting current (λ/I). Since the inductance is directly proportional to the flux linkage, then the resulting inductance values for phase A have 13.3%, 10.3%, 6.6% and 3.6% variations with 40%, 30%, 20% and 10% eccentricity compared with a healthy motor, respectively. This procedure results the same outcomes for other coils in different phases. are shown in Figure 12 .
The mutual inductance is defined as the ratio of flux-linking that phase to the exciting current in the other phase. According to this definition the mutual inductance values for phases B and C for healthy motor as well as the motor with various eccentricities using 2-D/ 3-D FEM have been calculated and compared.
The variations of mutual inductances for phases B and C using 3-D FEM are presented in Figure 13 and Figure 14 , respectively for the motor carrying the rated current of 2.5 A. Figure 13 shows with an increase in eccentricity, the value of mutual inductance of phase B increases from 44.6% for 10% eccentricity to a maximum of 76.2% for 40% eccentricity. Similarity, Figure 14 illustrates that with increasing eccentricity, the mutual inductance value for phase C will increase from 59% for 10% eccentricity to a peak value of 85.5% for 40% eccentricity. These variations are due to the changes in mutual flux linkages of each coil in that phase.
The static torque developed by the motor is calculated from the ratio of change in the co-energy with respect to the rotor position. The static torque versus rotor position for both healthy motor and with various eccentricities utilizing 3-D FEM is shown in Figure 15 .
Due to higher flux linkages in a faulty motor, the static torque obtained is also higher. During the motoring operation (simulated in 3-D FEM) the unbalanced magnetic pull tends to increase the dynamic eccentricity. When 10% eccentricity exists, the motor torque magnitude has up to 4.3% variations (Table 2) . Also, this table shows the motor with 20%, 30% and 40% dynamic eccentricities has up to The static torque versus rotor position for both healthy motor and the motor with various eccentricities utilizing 2-D FEM has been shown in Figure 16 .
Due to complete modeling of motor coil windings and also considering the end effects plus axial fringing, the motor simulation in 3-D FEM is more precise and reliable than 2-D FEM simulation. Table 3 shows the comparison between 3-D and 2-D results for static torque. The average absolute torque is defined in (6) .
ABS Average
where n is the number of value and Eccentricity i is the value of nth eccentricity. According to Eq. (6) and Table 3 the absolute average torque for 3-D FE analysis has 8.5% higher values than the 2-D FE analysis in healthy motor. Also, in eccentric motor with 10%, 20%, 30% and 40% eccentricities, the torque profile produced 9%, 9.5%, 10.4% and 10.5% higher values, respectively. The non-uniformity of air-gap is time variant when dynamic eccentricity exists; therefore, the distribution of air-gap changes when the rotor rotates. Hence, the torque characteristic of each phase is changed in different rotor positions and repeated identically after one complete revolution.
Fourier Analysis of Torque/Rotor Angular Position Characteristic
Results of harmonic components analysis of the static torque profiles for 3-D FEM for various eccentricities are presented in Figure 17 using MATLAB software. With the increase in the dynamic eccentricity there is an increase in the fundamental harmonic torque. Fundamental harmonic torque in 3-D FEM has higher value than 2-D FEM. Table 4 shows the variation of the fundamental, 3rd, 5th, and 7th harmonic torques for healthy motor and motor with dynamic eccentricity for 3-D versus 2-D FE analysis. It is observed that the 3rd, 5th, and 7th harmonic torques for 3-D FE analysis has 12.1%, 21.8% and 60.3% lower values than the 2-D FE analysis in healthy motor, respectively. Also, in eccentric motor with various eccentricities, the 3rd, 5th, and 7th harmonic torques produced 16%, 6.9% and 47.3% lower values in peak, respectively. Figure 17 . Torque harmonic amplitude for 3-D FEM in healthy motor and motor with various eccentricities.
CONCLUSION
Finite element method is a valuable tool for magnetic design and performance calculations of switched reluctance motor parameters. This study can be accounted for as a comprehensive study of dynamic rotor eccentricity analysis by 3-Dimensional as well as 2-D finite element method in switched reluctance motor.
In this paper, the effects of dynamic eccentricity on flux density, flux-linkage, terminal inductance, mutual inductance, and torque profile in switched reluctance motor with 3-D FEM were analyzed. Then the results were compared with those obtained from 2-D FEM.
The different values of flux densities obtained in excited stator poles and the corresponding rotor poles under dynamic eccentricity show more radial forces hence result in more noise and vibration. The computed results show that motor with 10%, 20%, 30% and 40% dynamic eccentricity has 4.3%, 7%, 8.1% and 13.2% increase in torque profile. The average absolute torque for 3-D FE analysis has 8.5% higher value than 2-D FE analysis in healthy motor. In 2-D FE analysis, the torque values obtained for eccentric motor with 10%, 20%, 30% and 40% eccentricity are 9%, 9.5%, 10.4% and 10.5% higher, respectively. The variations between 2-D/3-D FE results are due to consideration of the end effects and also axial fringing field in 3-D FE analysis.
This analysis shows that with increasing dynamic eccentricity, the values of the flux density, flux-linkage, mutual inductance, terminal inductance and torque are increased.
